solvent loss (due to amine volatility), side-reaction of solvent with NOx and SOx (that produces stable by-products) and limited amine concentration in the aqueous phase due to viscosity and foaming effect [8, [11] [12] [13] [14] [15] [16] [17] [18] . CO 2 capture is not limited to postcombustion (flue gas) application, which is resulted from global warming concerns. Other applications are in natural gas processing, syngas purification for hydrogen production (where PSA has already been established), fuel cell industries and CO 2 removal from closed spaces of submarines and space shuttles [11, 17, 18] .
Due to versatile advantages of adsorption, usage of solid sorbents has been appeared as one of the promising options for CO 2 capture. Adsorption requires lower energy, compared to absorption by amine solutions [6] . Development of adsorbents for CO 2 capture is greatly paid attention in these years by modifying them using a variety of methods. In order to decrease the cost of CO 2 capture by adsorption (for instance in a pressure swing adsorption process) and make the process of adsorption successful and competitive, it is necessary to develop adsorbents with high capture capacity (particularly in moderate temperature for flue gas application), high desorption rate and high selectivity [3, 18] .
Adsorption capacity of an adsorbate like CO 2 is determined by surface area, pore size, adsorbent surface chemistry, temperature and partial pressure/concentration of the adsorbate [6, 7] . Adsorbent surface area presents nonspecific interaction between adsorbent and adsorbate, and surface chemistry determines specific interaction. In the absence of specific interaction (i.e. in physical adsorption), pore size and volume are important, so microporous adsorbents are suitable for capture of low-molecular weight gases [19] . In the case of physical adsorption, pore size of the adsorbent determines the adsorption potential energy and so affects some of adsorption characteristics such as regeneration energy requirements and regeneration temperature. As a comparison of the roles of texture and surface chemistry of the activated carbon in the adsorption capacity, we can say that the former governs the capacity, but the latter influences it strongly [5] . Thermodynamic of adsorption, i.e. equilibrium isotherm is the first item that has to be considered for adsorbent selection and kinetic of adsorption is the second important factor [20] .
There are a variety of porous materials such as zeolite, polymers, silica and activated carbon (AC) that can be regarded as CO 2 adsorbents. Compared with the other adsorbents, AC is cheap, stable against heat, radiation and alkaline and acidic solution [21, 22] . It does not show too much shrinkage or swelling by pH change.
AC is a suitable adsorbent for CO 2 capture from a wet gas streams, whereas other adsorbents such as zeolite need a dehumidification (pre-drying) process of gas stream as a preliminary step, due to water adsorption on zeolite that inhibit CO 2 adsorption [6, 17, 20] . Dehumidification process consumes about 30% of total energy [9, 23] in a common PSA or TSA (temperature swing adsorption) process. Zeolites usually are low-efficient and high-cost in regeneration because of their small pore systems [24, 25] with a regeneration temperature 300 8C and above [17, 20] , whereas AC regeneration is carried out at lower temperatures. AC has a lower adsorption heat compared to zeolite [6] .
One important problem associated with common solid adsorbents it that CO 2 adsorption capacity of these adsorbents drops dramatically with increasing temperature [7] . Temperature increase molecular diffusivity and surface adsorption energy [7] . Flue gas, as a main application of CO 2 capture, has a temperature between 50 and 120 8C. For CO 2 adsorption from flue gas, either the flue gas needs to cool before CO 2 capture or an adsorbent needs to operate efficiently at the temperature of flue gas with high selectivity and high adsorption capacity [18, 19, 26] .
Inherent nature of precursors and activation procedures determine the characteristics of AC. This fact that chemistry of the surface can be easily tailored by incorporation of the desired functional groups is an interesting advantage for AC. According to prior studies on AC, enhanced CO 2 adsorption capacity (at ambient and/or elevated temperature) may be achieved by introducing nitrogen functionalities onto AC surface (and so increasing AC surface basicity): Introduction of nitrogen surface groups has been experienced by ammonia treatment [7, 10, [27] [28] [29] [30] , impregnation with amine containing compounds [6, 7, 26] or grafting amine groups [8] . It is well known that amine functional groups have a good affinity toward CO 2 through forming complex [9, [31] [32] [33] [34] . The authors have reviewed the potential methods for grafting amino groups on the surface of AC [35] . These methods include nitration followed by reduction, silylation with aminosilane, amination, grafting diamines and polyamines, grafting halogenated amines and so on. It can be seen from the indicated review paper that grafting halogenated amines is one of the possible methods for anchoring amino groups on AC surface, so it was considered as a part of authors' research.
In the present work, a halogenated amine, 2-chloroethylamine hydrochloric acid (CEA) was grafted on the surface of an oxidized AC and the characteristics of the new adsorbents were studied by different methods. The stage of oxidation was also examined in terms of AC textural and chemical characteristics.
Materials and methods

Materials
Two types of a microporous palm shell AC produced by Bravo Green Sdn Bhd, Malaysia were the initial materials chosen for modification. As-received ACs were sieved to the size range of 500-850 micron (mm) and washed with distilled water to remove fines. They then were dried in an oven at 110 8C overnight and kept in closed bottles for experiment (referred to as A1 and A2). A1 was the main starting material for modification. Moreover, a few experiments were conducted using A2. Fisher Scientific, Malaysia supplied the chemicals including reagent-grade nitric acid, analytical-grade toluene, and CEA.
Modification of AC
AC samples were subjected to a two-stage modification. At the first stage, they were oxidized by nitric acid to increases the density of different types of oxygen surface groups and then, at the second stage, two amine-enriched samples were obtained by grafting CEA on the surface of the oxidized samples. Oxidation increases the density of different types of oxygen surface groups. Some types of these groups act as coupling or linking agent for grafting other functionalities. In the case of halogenated amines, OH bond of Carboxylic group and also phenolic and alcoholic OH groups created or increased on AC surface may react with that to anchor amine groups on surface [35] .
Due to importance of the density of specific oxygen groups for amine grafting, oxidation conditions were investigated to achieve the best oxidized sample for amine anchoring.
The utilized oxidation setup comprised of a round bottom flask put in a heating mantle and connected to a condenser. All oxidation experiments with this setup were performed at boiling temperature of the acid solution. Table 1 shows conditions of the oxidation experiments. It should be noted that AC sample weight and volume of acid solution were constant through all oxidations.
At the second stage of modification, two amine modified samples CEA1 and CEA2 were prepared by grafting CEA on the selected oxidized sample (OX4): A known amount of OX4 was put in an Erlenmeyer flask and 200 ml of 1 M NaOH solution was added and mixed for 24 h. Then it was washed and dried in an oven overnight. The prepared Na-form sample was divided into two equal parts. Both parts were treated with a 1 M solution of CEA, one part using the shaker for 24 h (CEA1) and the other part in the abovementioned oxidation setup (CEA2).
Characterization methods
N 2 adsorption-desorption isotherms were measured by ThermoFinngan Sorptomatic 1990 Series analyzer to determine textural characteristics of the samples. Prior to the measurements, the samples were outgassed at 120 8C and under vacuum. Adsorption data of the relative pressure (P/P 0 ) less than 0.3 was used to calculate BET surface area (S BET ). Total pore volume (V t ) was calculated based on the nitrogen adsorbed volume at the relative pressure of 0.995.
Temperature-Programmed Desorption (TPD) spectra of the oxidized samples were obtained using a Chemisorb 2720 (Micromeritics) by a method as follows: The samples were exposed to a pure stream of helium with the flow rate of 25 ml/ min in the U-shaped tubular reactor of the instrument. After the samples were purged adequately, temperature was increased from ambient up to 1000 8C under the same helium stream with a heating rate of 10 8C/min. The difference between thermoconductivities of the carrier gas and the desorbed gases was displayed and recorded by the Thermo Conductivity Detector (TCD) as TCD signal. Proximate analysis was carried out with the aid of TGA to determine the amount of ash, fixed carbon and volatile matter. Ultimate analysis was performed using a 2400 Series II CHNS/O elemental analyzer, Perkin Elmer to evaluate the nitrogen content.
CO 2 capture measurements
The amine modified samples were subjected to CO 2 capture measurements including isothermal CO 2 uptake profile and temperature programmed (TP) CO 2 adsorption and cyclic operation with the aid of TGA/SDTA851 Ultramicro Balance, MettlerToledo. For isothermal uptake experiments, the samples were first outgassed from preabsorbed CO 2 and water at 120 8C for 1 h in 50 ml/min nitrogen atmosphere and were allowed to become cool to 30 8C, which was the desired temperature for isothermal test. At that moment, the gas was switched to pure CO 2 of 50 ml/min for 1 h to achieve a complete saturation.
In order to perform cyclic operation tests, a procedure similar to isothermal uptake experiment was repeated three times and considered as three consecutive regenerations, and the samples capacities were compared with the first saturation (isothermal uptake).
For TP CO 2 adsorption tests, after the first saturation, the temperature was increased with a ramp rate of 1 8C/min from 30 8C to 120 8C to obtain CO 2 temperature dependence of CO 2 adsorption capacity.
Results and discussion
Oxidation
It is well known that oxidation parameters affect texture and chemistry of the oxidized AC. Therefore, at the first step of this work and to evaluate the influence of oxidation parameters on the AC structure and chemistry in a practical manner, a series of oxidation experiments were conducted.
TPD was employed as a simple technique with reproducible results to compare the amount of surface functional groups created on the surface of AC samples. These surface groups are essentially oxygen-containing ones, because the parent samples have negligible amounts of heteroatoms except for oxygen and it is fully accepted that oxidation principally creates oxygen groups (as will be indicated later in this section using the results of ultimate analysis). Fig. 1 shows TPD spectra of the untreated and treated samples, which have been normalized for the weight of the samples. The area below the curves of spectra can be interpreted as an index presenting the amount of oxygen surface groups. This index has been shown in Table 2 for the oxidized and parent samples.
It is observed from Fig. 1 that in all the oxidized samples, the amount of surface oxygen groups has been increased in comparison with the parent samples A1 and A2. In spite of the difference in the oxidation time of the samples OX4 and OX6, Fig. 1 shows no significant difference in the density of their oxygen groups. This confirms that there is a limitation to the total amount of oxygen groups that can be created on the surface of AC. In other words, active sites on the surface of AC have a limited number. In fact, 2.17 h that is selected time for OX4 is the time at which the evolution of brownish NO 2 gas (which had been started from the beginning of the oxidation) is almost stopped. Evolution of the brownish gas indicates the oxidation reaction [36] , so its stopping can be considered as the end of oxidation.
Samples OX7-OX9 have been prepared by concentrated acid. It was found that after 6 h, NO 2 gas was stopped from evolution (OX8). As Fig. 1 indicates there is no significant difference between TPD spectra of OX8 and OX9, although the oxidation time for the latter is 2 h more than the former. This observation is consistent with the previous statement. The spectrum of OX7 is very similar to that of OX4. Except to the peak located in the temperature range of 250-280 8C, the spectra of OX8 and OX9 is very close to OX4. The mentioned peak that is higher developed in OX8 and OX9 is probably related to carboxylic groups [22, [37] [38] [39] . However, the samples resulted from concentrated acid had one drawback: the amount of produced fine particles was much more compared to 8 N acid, especially when the oxidation time increased. A2 was also an AC sample. Its TPD spectrum shows much less amount of oxygen groups in comparison with A1. Nevertheless, OX5 prepared from A2 at the same conditions of OX4, has a TPD curve similar to OX4. This confirms again the limitation of number of active sites accessible for oxidation. It also suggests similarity of the structures of the utilized ACs prepared at different conditions.
As the last point about TPD results, the temperatures of the peaks evolution are paid attention. For all the oxidized samples, the peaks are evolved almost at the same temperatures. From this fact, it can be concluded that the same types of oxygen groups are created on the surface of the samples, despite the significant differences in the conditions of oxidation. Table 2 presents the textural characteristics of the samples together with the results of proximate and ultimate analysis. The results of proximate analysis present that oxidation leads to a great raise in the volatile content. The volatile content includes the amount of surface functional groups that are decomposed up to 950 8C [37] and is in total consistency with the area below the curves of TPD spectra and oxygen content determined by ultimate analysis. The ratio of oxygen/carbon, as incorporated into Table 2 indicates the degree of oxidation of the AC surface. According to the table, all these parameters follow the same trends. This fact verifies the validity of the results. Moreover, it can be seen from the same table that the BET surface area (S BET ) and total pore volume (V t ) of all oxidized samples decrease with oxidation. This matter may be attributed to pore blockage by oxygen groups and/or destructions of pore walls [40] [41] [42] [43] . The attention is drawn to samples OX7-OX9. As previously mentioned, a considerable amount of AC granules is converted to powder in samples OX7-OX9 and, as mentioned in Table 2 , their surface area is too low. It seems that the oxidation partially or completely destroys these samples.
In the light of above, OX4 is selected for modification with CEA. Table 3 shows textural and chemical characteristics of the amine-grafted samples. The degree of amine anchoring can be quantified from the rise in the nitrogen content and also volatiles. Ultimate analysis confirms that amine grafted samples have higher contents of nitrogen. Grafting amine groups cause a drastic decrease in surface area and pore volume, as shown in Table 3 . The BET surface area of these samples is also less than their oxidized parent, OX4. From these observations, incorporation of nitrogen groups into the structure of AC is inferred for the modified samples. Fig. 2 shows the isothermal CO 2 uptake profile of the aminegrafted samples expressed as percentage of weight increase versus time at 30 8C, when the samples have been put in pure CO 2 atmosphere. It is apparent that CO 2 capture capacity of A1, the parent, is higher than the modified samples at 30 8C. By coupling this fact with data in Table 3 , it can be concluded that the higher surface area of A1 is the reason of its higher capture capacity. Although the presence of nitrogen groups is expected to improve affinity toward CO 2 and increase contribution of chemisorption, total CO 2 capacity is prevailed by physisorption at the low temperatures. However, the role and importance of chemisorption can be realized by other means, as will be explained later in this section. Fig. 2 also shows that the parent A1 is completely saturated with CO 2 in a few minutes, whereas in the modified samples, it takes a longer time to achieve equilibrium. In other words, adsorption rate is retarded by amine modification. Moreover, the slopes of the capture curve are alike.
Grafting amino groups
In order to realize the role of chemisorption, TP CO 2 adsorption test was carried out. This test can reveal the effect of temperature on CO 2 adsorption capacity of the modified samples, as shown in Fig. 3a . It can be seen from the figure that the capture capacities of untreated and treated samples decline by growing temperature due to prevalence of the physical adsorption mechanism. However, the slope of decrease in A1is notably more, compared to the modified samples. This finding results in that at elevated temperatures (more than 100 8C), CEA1 has a remarkable capacity over A1 and CEA2 has a capacity of near A1, despite of their lower surface area. At 100 8C, capacity of CEA1 is about 45% more than that of A1. This matter suggests that the mechanism of adsorption has been influenced by chemisorption in the amine-containing AC. This fact can be justified by the higher amount of nitrogen functionalities in the form of amino group, as detected by ultimate analysis.
The CO 2 capture capacity is resulted from two simultaneous mechanisms of physisorption and chemisorptions; the former depends on porous structure and the latter is affected by amine (or nitrogen) content. As the amine modification decrease surface area and increase the amine contents, these two mechanisms are acting inversely. In order to separate the role of chemisorption, TP CO 2 capture curves have been normalized by the BET surface area, as shown in Fig. 3b . The figure shows the effect of amine groups on the capacity of activated carbon in a comprehensible way. It is apparent that the modified samples have a higher capacity than A1 as a result of chemisorption, when they are compared at unit surface area. These observations agree quite well with nitrogen content in Table 3 . Compared to A1, CEA1 presents a two-and sixfold increase in capacity at 30 and 115 8C, respectively. Cyclic operation tests were performed to give an insight into stable performance of the modified samples in practical applications. Fig. 4 shows the capacities of CEA1 and CEA2 for four consecutive adsorption-desorption tests. Cycle number of 0 indicates the first saturation (obtained from isothermal uptake measurements) and other cycle numbers present the following regenerations. According to the figure, the adsorption capacities of the modified samples decrease slightly after first regeneration and are more or less constant after subsequent regenerations. The decrease in capacity after first regeneration can be attributed to the unreleased CO 2 resulted from the first saturation. So, higher capacities, which are nearer to those obtained from isothermal uptake, may be achieved by higher regeneration temperatures. In this study, initial outgassing temperature (120 8C) was considered as temperature of regenerations. Moreover, no significant accumulation of CO 2 is observed during each step of adsorption after first regeneration. This capability of satisfactory regeneration observed from the figure may be considered as a promising sign for stable performance in practical cyclic operations.
Conclusion
Two modified AC samples were obtained by treatment the virgin samples with two CEA following oxidation. A series of preliminary oxidation was carried out to select a suitable oxidized sample as the starting material for amine modification. The results of amine modification by the selected amine compound are promising. When compared in mass unit, the best modified samples show a 45% increase in CO 2 adsorption capacity at 100 8C. The effect of amine functionalities is expressive when the capacities of the modified samples are compared with untreated one in unit of surface area. A two-to six-fold increase is resulted when comparing the best results with the parent at 30-115 8C. 
